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A General Thermal-Field Emission Equation

Kevin L. Jensen Marc Cahay
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Naval Research Laboratory University of Cincinnati
Washington DC 20375 Cincinnati, OH 45221

Abstract: A general emission equation, which contains as large. For all conditions of interest, the large u limit
its asymptotic limits both the Richardson (thermal suffices, and is dropped from further consideration. The
emission) and the Fowler Nordheim (field emission) integral in Eq. [2] can be separated into regions such that
equations, is developed. The general thermal-field series expansions of the components of the integrand can
equation performs over a range of temperatures, fields, and be integrated term-by-term exactly. Collecting terms in the
work function values where the asymptotes are degraded. resulting series expansions gives rise to the leading order

approximations to N(n,s) of
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Fowler Nordheim Equation

Fomuaefr(heevlatonelcro)eisin uren (ne-s-e-ns)/ (n - 1(n 1)
Introduction N(ns)n 1) (n

e-SX(n) (n<l) [3]
Formulae for the evaluation electron emission current nsY()n[3

density are generally predicated on the high-field low- Z 2 774 4

temperature (Fowler Nordheim Equation) or low-field Z(x)=I+-x +6 7 x
high-temperature (Richardson-Laue-Dushmam Equation) 6

limits of the general emission integral given by
The regions n < 1 and n > 1 shall be referred to as the

cc "thermal" and "field" regimes, respectively. Eq. [2] using
J(FT) = ' D( Ex )f (Ex)dEx Eq. [3] constitutes the Generalized Thermal-Field model.

oDEh 0 The "revised" FN and RLD equations become

m(Ex)= h-ln[l+exp(/3T (-Ex)] [1] (kBfiF) 2 eXp(F (P
9flT h 2 ~JFN =: ARLD (kBflF y2 exp (flF (P_ Eo))y {fl8 ,F / fit

D(Ex)> C/[1 + exp(83F(EO - Ex JRLD => ARLD (kBiJT) 2 exp (/JT(/u-Eo))X {/3T /13F}

where D(E) is the linearized-O form of a hyperbolic-tangent where the inherent symmetry between the two limits is
approximation to the transmission probability, f(E) is the manifest and the argument of I deserves particular notice.
supply function, 6fg and fiT = 1/kBT are slope factors, F Note, however, that when n is approximately unity, Eq. [4]
[eV/nm] is the product of the field and the electron charge is no longer adequate and the n 1 approximation must be
e, p [eV] is the chemical potential (Fermi level), J[A/cm 2] used. The remaining tasks are to determine E. and /F.
is current density and other terms have their usual
meanings. E, is the energy related to the component of For a potential barrier described by V(x), the WKB
electron momentum directed at the surface - henceforth, approximation to the "area under the curve" 0 is given by
the subscript shall be suppressed. E, is reference point to
be determined, and the coefficient C is of order unity (and
will be taken henceforth as unity). Eq. [1] can be recast as 0(E)== -2 fx+ (V(x) -E) dx [5]h x-

J(flF,'fT) = ARLDT'N[ T,#F (E, - P),IFEo1 where the limits of the integral are at the zeros of the
LflF J [2] integrand and V(x) > E otherwise. If we define E& to be the

Un ++e location of the integrand maximum in Eq. [1], then
N(n,s,u)= n f-In[I e I(I]( ez) dz expressions forE, and 8F are given by

where ARLD= 120.17 A/cm 2K2. The ratio n=/8T 1/fF isof flF=-aEO(E=Em); Eo=Em +(O(Em)//3F) [6]

central importance: its behavior governs the transition from
thermal to field emission as n goes from very small to very
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